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ABSTRACT 


Superstorm  Sandy  illustrated  the  economic  and  human  impact  that  severe 
weather  can  have  on  urban  areas  such  as  New  York  City.  While  flooding  and  wind 
damaged  or  destroyed  some  of  the  energy  infrastructure,  all  installed  microgrids  in 
the  New  York  City  region  remained  operational  during  Sandy,  including  those  at 
Princeton  University,  Goldman  Sachs,  New  York  University,  and  Co-op  City.  The 
resilience  provided  by  these  microgrids  sparked  renewed  interest  in  pursuing  more 
microgrid  deployments  as  means  to  increase  resiliency  throughout  the  nation  and 
in  the  face  of  many  potential  threats  including  severe  weather  events,  and  poten¬ 
tially  terrorism.  MIT  Lincoln  Laboratory  has  been  engaged  with  the  Department 
of  Homeland  Security  (DHS),  the  Department  of  Energy  (DoE),  and  the  City  of 
Boston  in  this  Community  Energy  Study  to  explore  the  potential  for  microgrid  de¬ 
ployment  within  Boston’s  thriving  neighborhoods.  Using  hourly  simulated  building 
energy  data  for  every  building  in  Boston,  provided  by  the  Sustainable  Design  Lab 
on  MIT  campus,  MIT  Lincoln  Laboratory  was  able  to  develop  an  approach  that  can 
identify  zones  within  the  city  where  microgrids  could  be  implemented  with  a  high 
return  on  investment  in  terms  of  resiliency,  offering  both  cost  savings  and  social 
benefit  in  the  face  of  grid  outages.  An  important  part  of  this  approach  leverages  a 
microgrid  optimization  tool  developed  by  Lawrence  Berkeley  National  Laboratory, 
with  whom  the  MIT  Lincoln  Laboratory  is  now  collaborating  on  microgrid  modeling 
work.  Using  the  microgrid  optimization  tool,  along  with  building  energy  use  data, 
forty-two  community  microgrids  were  identified,  including  ten  multiuser  microgrids, 
ten  energy  justice  microgrids,  and  twenty-two  emergency  microgrids. 
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1.  INTRODUCTION 


According  to  the  National  Oceanic  and  Atmospheric  Administration  (NOAA),  there  were  178 
weather  events  between  1980  and  2014  that  exceeded  $1  billion  in  damages  [1].  These  events  totaled 
more  than  $1  trillion  in  costs,  and  took  9,179  lives.  Large  coastal  cities  are  particularly  vulnerable 
to  weather  events  due  to  storm  surge,  high  winds,  and  extreme  precipitation.  In  2012,  New  York 
City  endured  Superstorm  Sandy,  which  killed  43  residents,  and  caused  $19  billion  in  damages  [2], 
paralyzing  the  city  and  the  surrounding  area  for  days  or  weeks.  In  the  wake  of  Superstorm  Sandy, 
many  states,  including  Maryland  [3]  ,  New  York  [4],  Massachusetts  [5],  and  Minnesota  [6],  as  well 
as  the  Federal  Government  [7],  reassessed  resilience  to  large-scale  disasters,  and  the  costs  of  being 
unprepared.  Many  of  the  reports  focused  on  increasing  resilience  by  employing  urban  microgrids 
that  can  island  away  from  the  larger  grid  and  provide  electricity  to  local  markets.  These  microgrids 
typically  exploit  combined  heat  and  power  (CHP)  systems  to  increase  the  overall  energy  efficiency, 
while  increasing  grid  resilience.  During  Superstorm  Sandy,  all  CHP  units  that  were  designed  to 
operate  autonomously  in  New  York  City  and  the  surrounding  area  performed  without  incident  [8]. 
By  contrast,  half  of  the  backup  generation  systems  in  New  York  City  hospitals  failed  during  the 
Northeast  blackout  of  2003. 


Microgrids  can  be  leveraged  to  maintain  normalcy  during  major  catastrophes.  During  Super¬ 
storm  Sandy,  at  least  11  facilities  in  the  New  York  City  area,  representing  over  145  MW  of  power, 
islanded  from  the  macrogrid,  and  were  able  to  provide  critical  infrastructure  services  [8].  These 
facilities  included  hospitals,  waste  water  treatment  facilities,  colleges  and  universities,  and  large 
housing  developments.  Microgrids  have  a  role  in  supporting  critical  infrastructures,  and  adding 
resilience  to  the  local  grid.  Furthermore,  microgrids  can  also  add  value  to  the  macrogrid  by  pro¬ 
viding  ancillary  services  [9],  thereby  increasing  overall  reliability,  and  decreasing  lost  revenue  [10]. 


Working  with  the  Boston  Redevelopment  Authority  (BRA),  Massachusetts  Institute  of  Tech¬ 
nology  Lincoln  Laboratory  (MIT  LL)  has  completed  a  study  to  examine  resilient  power  system 
design  in  Boston’s  thriving  communities.  The  BRA  is  Boston’s  economic  development  and  plan¬ 
ning  agency,  responsible  for  attracting  businesses  to  the  greater  Boston  area.  Energy  system  design 
is  an  emerging  sector  of  community  planning  that  involves  many  stakeholders  and  requires  highly 
detailed  data.  Much  of  this  data  did  not  exist  for  small  buildings  and  even  many  commercial  build¬ 
ings.  The  BRA  identified  this  data  gap  and,  through  a  request  for  proposal  (RFP),  instructed  MIT 
Sustainable  Design  (SDL)  Lab  to  create  a  Geographic  Information  Systems  (GIS)  enabled  map  of 
Boston  showing  the  simulated  energy  use  for  each  building  for  every  hour  of  the  year.  Equipped 
with  the  simulated  energy  use  in  Boston,  MIT  Lincoln  Laboratory  was  able  to  quickly  analyze  the 
potential  technology  solutions  for  improving  resilience  in  multiple  communities  throughout  the  City. 
This  component  of  the  Community  Energy  Study  is  called  the  community  energy  simulation.  The 
community  energy  simulation  reflects  certain  policies  of  the  City  of  Boston,  including  increasing 
affordability,  increasing  power  grid  resilience,  and  reducing  greenhouse  gas  emissions. 
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MIT  Lincoln  Laboratory  leveraged  the  simulated  energy  use  data,  along  with  geospatial 
analysis  and  a  software  package  called  Distributed  Energy  Resources  Customer  Adoption  Model 
(DER-CAM)  created  by  Lawrence  Berkeley  National  Laboratory  [11].  MIT  Lincoln  Laboratory 
generated  maps  and  designs  for  over  30  different  potential  microgrid  systems  within  the  City  of 
Boston.  Each  of  these  microgrid  solutions  came  with  unique  designs  to  meet  the  energy  needs 
of  specific  neighborhoods  and  communities  based  on  certain  policy  criteria,  as  well  as  physical 
constraints.  Upon  the  completion  of  the  Boston  energy  research  study,  the  City  plans  to  use  this 
information  to  enhance  policy  design  and  engage  communities  in  dialogue  about  resilient  energy 
system  opportunities  within  their  communities. 
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2.  MICROGRIDS 


Microgrids  have  no  formal  definition,  but  can  generally  be  thought  of  as  a  local  group¬ 
ing  of  loads  and  generation  that  can  operate  either  synchronously  with  the  macrogrid  or  au¬ 
tonomously  [12,13].  Synchronous  operation  typically  implies  that  the  microgrid  is  part  of  a  larger 
power  network,  which  could  include  other  microgrids,  or  the  macrogrid.  Fully  autonomous  micro¬ 
grids  are  ordinarily  rural  systems  that  have  generation  assets  such  as  wind  turbines  (WTs)  [14]  or 
photovoltaic  (PV)  panels  [15]  that  power  loads  such  as  lights  and  refrigeration.  Microgrids  consist 
of  several  components,  including  distributed  generation  (DG)  for  power  production;  energy  stor¬ 
age,  including  for  electricity,  heat,  and  cooling;  a  master  controller;  and  a  utility  grid  interconnec¬ 
tion  [16,17].  The  DG  assets  are  typically  low- voltage  prime  movers  powered  by  internal  combustion 
engines,  diesel  engines,  microturbines,  geothermal  systems,  hydro  systems,  or  wind  turbines;  they 
also  could  include  direct  current  devices  such  as  fuel  cells  or  photovoltaic  arrays  [6,17].  Traditional 
storage  systems  include  electrical  storage  in  batteries,  heat  storage,  and  cold  storage  [18]. 


Since  many  synchronous  microgrids  are  adjacent  to  the  loads  that  they  are  serving,  there  is 
an  opportunity  to  provide  both  electricity  and  heat  to  the  local  community,  thereby  increasing  the 
value  of  the  purchased  fuel.  Many  microgrids  exploit  this  CHP  concept,  because  the  high  thermal 
efficiency  («  80%)  translates  into  cost  savings  for  the  customers  [19].  CHP  systems  are  comprised 
of  three  major  components:  a  prime  mover,  such  as  a  gas  turbine  powered  generator;  heat  ex¬ 
changers  for  moving  heat;  and  technologies  such  as  absorption  chillers  that  are  thermally  powered. 
CHPs  are  typically  located  on-site  and  provide  some  or  all  of  the  electricity  demand  alongside  the 
thermal  demands.  Thus,  under  ideal  situations,  CHP  can  be  used  to  provide  nearly  all  of  the 
required  energy  to  a  community,  including  electricity,  heat,  hot  water,  and  cooling,  assuming  that 
the  proper  infrastructure  -  such  as  steam  pipes  for  conveying  heat  -  exists  in  the  locality.  This 
study  focuses  on  three  microgrid  scenarios  that  aim  to  benefit  the  local  community  in  different 
ways.  The  sections  below  discuss  these  three  scenarios  in  more  detail. 


2.1  MULTIUSER  MICROGRID 

The  multiuser  microgrid  (MUM)  consists  of  local  energy  generation  and  the  distribution  of 
thermal  and  electric  energy,  and  is  a  significant  focus  of  the  City  of  Boston.  The  MUM  aims  to 
replicate  the  energy  systems  of  university  and  military  campuses,  but  within  commercial  properties 
such  as  office  buildings  or  within  industrial  areas.  Because  of  the  high  building  density,  and  therefore 
energy  density,  in  Boston,  each  MUM  is  assumed  to  utilize  CHP.  In  this  way,  MUMs  can  provide 
efficient  fuel  use,  as  well  as  utility  grid  services  such  as  voltage  support,  load  management,  and 
ancillary  services  [20]. 

2.2  ENERGY  JUSTICE  MICROGRIDS 

Energy  justice  microgrids  focus  on  lowering  the  total  cost  of  energy  for  communities  in  public 
housing.  Very  similar  to  MUMs,  energy  justice  microgrids  focus  on  affordable  housing  communi- 


3 


ties  and  surrounding  critical  facilities  such  as  community  shelters,  grocery  stores,  and  gas  stations. 
These  areas  were  identified  using  several  GIS-enabled  data  sets,  including  Homeland  Security  In¬ 
frastructure  Program  (HSIP)  gold  and  information  from  the  BRA.  The  affordable  housing  data  layer 
was  intersected  with  several  critical  facilities  layers  to  best  determine  suitable  regions. 


2.3  EMERGENCY  MICROGRIDS 

The  design  of  an  emergency  microgrid  is  focused  on  maintaining  critical  infrastructure  in 
times  of  electrical  grid  outage.  Emergency  microgrids  are  islands  of  reliability  where  communities 
can  come  to  buy  basic  staples,  charge  cell  phones,  and  escape  extreme  heat  or  cold.  Moreover,  they 
can  provide  basic  shelter  during  natural  disaster  events. 


The  design  includes  local  generation  and  -  to  the  extent  economically  feasible  -  local  dis¬ 
tribution  of  heating  and  cooling.  Emergency  microgrids  are  similar  to  those  microgrids  found 
in  Connecticut  and  those  supported  by  Massachusetts  Department  of  Energy  Resources  (DOER) 
Community  Clean  Energy  Resiliency  Initiative  (CCERI)  grant  funding  [21]. 


Emergency  microgrids  are  anchored  by  the  existing,  designated  community  shelters  in  Boston 
that  are  co-located  with  grocery  stores,  convenience  stores,  gas  stations,  and  other  basic  needs  to 
keep  residents  safe  during  times  of  electrical  grid  outage. 
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3.  MICROGRID  PLACEMENT 


Boston  consists  of  about  112,000  separate  buildings  on  83,435  parcels  of  land,  over  an  area  of 
about  48  square  miles;  the  estimated  population  of  Boston  in  2014  was  655,884  [22].  This  section 
discusses  the  algorithm  of  siting  a  microgrid  within  this  large  Boston  landscape,  given  the  microgrid 
designs  listed  in  the  previous  section,  and  data  from  both  the  City  of  Boston  and  the  Sustainable 
Design  Laboratory  at  MIT. 


There  are  few  works  in  the  literature  that  focus  on  microgrid  siting  at  the  city  level.  The 
notable  exceptions  are  a  working  paper  from  Columbia  University  that  discusses  spatiotemporal 
energy  demands  in  New  York  City  [23].  The  model  discussed  in  the  working  paper  helps  to  inform 
an  interactive  block-  and  lot-level  energy  map  of  New  York  City  [24].  A  related  study  [25]  showed 
the  potential  of  CHP  in  Manhattan  by  simulating  building  energy  use,  and  then  employing  an 
electric  or  thermal  load  following  scheme  to  locate  suitable  areas  for  CHP.  In  general,  the  electric 
load  following  strategy  for  microgrid-level  analysis  identified  4714  microgrid  CHP  systems  ranging 
in  size  from  100  kW  to  2500  kW,  representing  an  aggregated  electrical  capacity  of  3042  MW.  An¬ 
other  work  studied  a  distributed  local  energy  supply  system  in  Tokyo  [26].  The  study  used  a  500 
meter  radius  around  a  particular  anchor  load  as  its  research  area,  finding  that  a  microgrid  would 
substantially  help  the  surrounding  community  reduce  C02  emissions  and  energy  consumption.  Fi¬ 
nally,  Finney  et  al.  [27,28]  analyzed  the  expansion  of  district  heating  in  Sheffield,  United  Kingdom 
on  the  city-scale,  but  did  not  consider  the  addition  of  microgrids  to  the  area. 


The  present  work  uses  a  combination  of  the  techniques  presented  in  [23,25,26]  to  determine 
suitable  microgrid  zones  throughout  Boston.  Simulated  building  energy  use  was  used  exclusively 
as  the  input  for  energy-based  microgrid  designs.  Data  layers  such  as  the  locations  of  substations, 
distribution  lines,  steam  lines,  and  gas  lines  were  not  available  for  this  analysis,  which  suggested 
a  simple  areal  approach  like  the  one  used  in  [26].  However,  since  highly  granular  energy  data  was 
available,  continuous  thermal  sinks  -  areas  that  constantly  require  heat,  which  could  be  supplied 
by  a  CHP  plant  -  could  be  easily  identified,  much  like  the  work  done  in  [25,27,28]. 


3.1  UNDERLYING  DATA 

Boston  has  over  83,000  parcels  of  land  that  fall  into  about  20  different  categories,  ranging 
from  office,  to  residential,  to  warehouse  parcels,  as  determined  by  the  City.  All  parcel  types  are 
shown  in  Figure  1,  which  does  not  show  waterways  or  parks.  The  parcels  are  also  divided  into  five 
vintages  corresponding  to  the  age  of  the  coincident  building  on  the  parcel.  The  building  vintages 
are  shown  in  Figure  2,  which  illustrates  that  many  of  the  oldest  buildings  in  Boston  are  residential. 


MIT  Sustainable  Design  Lab  developed  an  algorithm  to  generate  energy  use  profiles  for  every 
parcel  type  in  Boston  [29].  The  algorithm  uses  building  type  data  in  conjunction  with  building 
vintage  data  to  better  calculate  the  thermal  envelope  of  buildings  and  estimate  electricity  usage. 
The  energy  use  included  plug  load  electricity  -  typical  electrical  loads  such  as  lights  or  computers, 
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Figure  1.  Building  types  in  Boston. 


cooling  electricity,  gas  heating,  and  gas  hot  water  were  simulated  for  every  hour  of  the  year  for 
each  parcel  in  Boston.  The  resulting  60  GB  data  set  was  used  as  the  basis  for  the  analysis  done  by 
MIT  Lincoln  Laboratory. 


Figure  1  elucidates  how  Boston’s  parcels  are  dominated  by  residential  archetypes,  which  are 
depicted  in  red  on  the  map.  Figure  3  illustrates  that  residential  parcels  comprise  more  than  90% 
of  all  parcels  in  Boston,  but  represent  only  about  56%  of  the  floor  area.  This  indicates  that  while 
residential  buildings  are  great  in  number,  they  are  small  in  stature  compared  to  office  buildings, 
schools,  colleges,  and  medical  areas.  In  terms  of  energy  demand,  Figure  3  also  demonstrates  that 
per  square  meter,  medical  buildings,  offices,  and  schools  are  intensive  energy  consumers  relative  to 
residential  areas.  Examples  of  high  energy  use  are  the  medical  community,  which  requires  substan¬ 
tial  cooling  relative  to  its  gross  floor  area,  and  hotels  which  use  a  disproportionate  amount  of  hot 
water  for  their  floor  area. 


Figure  4  illustrates  how  the  four  load  types  (plug  load,  cooling,  etc.)  differ  across  the  seasons. 
The  winter  months  in  Boston  are  primarily  dominated  by  heating  loads,  which  peak  in  the  morning 
hours.  By  contrast,  the  summer  months  have  prevailing  electrical  and  cooling  loads  that  both  have 
similar  peak  demands.  Hot  water  loads  are  essentially  the  same  for  each  season  because  they  are 
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Figure  2.  Building  vintages  in  Boston. 
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Figure  3.  Building  stock  and  associated  energy  use. 


assumed  to  be  dominated  by  morning  and  evening  showering  and  bathing  routines,  which  are  not 
sensitive  to  the  outdoor  temperature. 

A  more  granular  energy  representation  can  be  made  by  aggregating  the  hourly  energy  data 
for  all  of  Boston’s  83,000  parcels,  and  plotting  it  on  a  heat  map.  This  map  -  shown  in  Figure  5  - 
demonstrates  how  the  City  uses  energy  for  each  hour  of  each  day  of  the  year.  In  the  figure,  the  color 
is  proportional  to  the  energy  use,  which  clearly  explicates  that  the  highest  energy  use  occurs  in  the 
morning  hours  of  January  23rd,  a  time  when  people  are  waking  up,  turning  on  lights,  heating  the 
home,  and  taking  showers.  The  lowest  energy  use  takes  place  in  the  early  morning  hours  in  early 
June,  a  time  when  few  lights  are  on,  people  are  generally  sleeping,  and  no  major  heating  or  cooling 
loads  are  required.  Thus,  Boston’s  energy  use  spans  nearly  two  orders  of  magnitude  in  less  than  five 
months,  where  it  switches  from  mostly  gas  heating  in  the  winter  to  mostly  electricity  in  the  summer. 


The  energy  data  provided  by  the  Sustainable  Design  Laboratory  is  extremely  useful  for  a 
myriad  of  purposes.  First,  the  data  gives  insight  into  how  Boston  operates  -  when  it’s  using  gas 
versus  using  electricity  and  when  it’s  idling  versus  cooling.  Second,  it  enables  planners  and  policy 
makers  to  develop  if/then  scenarios  that  could  be  used  to  redesign  the  city,  or  to  design  future 
neighborhoods.  Third,  it  gives  a  spatial  sense  of  where  Boston  has  energy  bottlenecks,  and  where 
district  energy  systems  would  make  sense:  it  gives  highly  valuable  energy  transparency.  In  the 
larger  sense,  the  development  of  such  high-quality,  high-fidelity  city-level  energy  models  ushers  in 
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Figure  4-  Diurnal  energy  use  patterns  in  Boston. 


a  new  paradigm  of  community  planning  that  is  relevant  to  many  cities  throughout  the  world. 


MIT  Lincoln  Laboratory  leveraged  the  simulated  building  energy  data  generated  by  MIT 
SDL  to  identify  suitable  microgrid  zones  throughout  Boston.  The  microgrid  zones  were  divided 
into  three  separate  archetypes:  multiuser  microgrids,  energy  justice  microgrids,  and  emergency 
microgrids,  as  discussed  previously. 


3.2  IDENTIFYING  SITES  AS  CONTINUOUS  THERMAL  SINKS 

A  key  starting  point  in  the  analysis  is  to  identify  buildings  with  a  minimum  threshold  of  high 
energy  use  that  can  serve  as  an  “anchor  building”  for  any  microgrid.  The  role  of  the  anchor  building 
is  to  demand  enough  energy  to  justify  the  investment  in  local  infrastructure  upgrades;  this  makes 
infrastructure  investment  more  palatable  in  the  community  and  inspires  other  local  stakeholders  to 
consider  becoming  a  part  of  the  microgrid.  From  a  modeling  perspective,  this  necessitates  identi¬ 
fying  the  top  anchor  buildings  within  the  City  of  Boston  and  deriving  microgrid  zones  of  buildings 
from  those  key  nodes.  Figure  6  shows  the  top  0.2%  («  500)  of  parcels  in  Boston  in  terms  of  total 
annual  energy  use. 
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Figure  5.  Boston’s  hourly  energy  usage. 


The  following  design  rule  of  thumb  was  implemented  in  the  areas  around  each  parcel  to  de¬ 
termine  the  suitability  of  a  microgrid  at  that  location  [19,30,31].  Sixty  percent  of  the  electric 
load  during  peak  week  -  the  week  with  the  highest  average  electricity  demand  -  was  used  as  the 
design  size  of  the  microgrid  [32] .  The  CHP  was  assumed  to  have  40%  fuel-to-electricity  conversion 
efficiency,  with  the  remaining  60%  being  waste  heat.  The  algorithm  is  encapsulated  in  Equation  1. 
For  each  hour,  the  heat  output  from  the  CHP  is  compared  to  the  simulated  thermal  requirements 
of  the  prospective  microgrid  zone.  Zones  that  are  capable  of  venting  the  CHP  waste  heat  for  the 
greatest  number  of  hours  annually  are  identified  for  closer  scrutiny. 


CHPsize 


^  x  max  (^EleCdyg  yjQQ^j 


2/5 


2  x  max  {EleCdyg  yjQQ^j 


(i) 


Variably  sized  zones  around  anchor  buildings  were  used  to  determine  the  most  suitable  size 
CHP  plant  for  the  particular  anchor  building,  following  the  approach  of  [25].  Figure  7  shows  a 
proposed  microgrid  zone,  with  the  anchor  building  situated  in  the  center.  Concentric  rings  emanate 
out  from  the  center  point  at  increments  of  50  meters,  and  the  buildings  that  fall  within  the  rings  are 
considered  for  analysis.  Thus,  in  this  example,  there  are  seven  rings  with  the  maximum  radius  being 
350  meters,  encompassing  about  95  acres,  and  the  minimum  being  50  meters,  encompassing  about 
2  acres.  The  energy  usage  of  the  buildings  that  fall  within  each  circle  are  aggregated  to  determine 
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how  well  matched  the  thermal  load  requirements  are  with  the  electricity  requirements.  The  results 
are  presented  in  Figure  8.  This  analysis  helped  narrow  down  the  prospective  CHP  sitesfrom  a 
myriad  of  possibilities.  Other  constraints  were  then  added  to  further  reduce  the  complexity.  These 
constraints  included: 

•  CHP  sizes  ranging  from  10-50  MW 

•  No  existing  microgrid  in  the  prospective  zone 

•  Zone  must  include  critical  facilities  such  as  supermarkets,  pharmacies,  gas  stations,  emergency 
shelters,  and  affordable  housing 

Implementing  this  rule  of  thumb  for  the  top  0.2%  of  the  highest  energy  use  parcels  within 
Boston,  and  applying  the  above  constraints,  ten  nonoverlapping  clusters  were  selected,  each  with  a 
250  meter  radius  for  consistency.  All  of  the  selected  250  meter  zones  were  determined  to  be  thermal 
sinks  on  an  annual  basis. 


High  Energy  Use  Parcels  in  Boston 
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Figure  6.  The  top  0.2%  of  parcels  in  terms  of  total  energy  use. 
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Figure  7.  Example  microgrid  zone  analysis. 
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Figure  8.  Identification  of  continuous  thermal  sinks. 


The  identification  of  appropriate  microgrid  zones  is  only  one  part  of  the  problem.  This 
strategy  ultimately  requires  an  assessment  of  the  economic  viability  and  environmental  impact  of 
microgrids  in  the  prospective  zones.  Moreover,  the  optimal  equipment  mix  and  associated  sizing 
along  with  the  optimal  dispatching  strategy  are  also  required  for  a  full  analysis.  The  Distributed 
Energy  Resources  Customer  Adoption  Model  is  a  tool  that  allows  us  to  quickly  assess  the  suitability 
of  microgrids  in  the  identified  zones.  DER-CAM  is  discussed  in  the  following  section. 
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4.  DER-CAM  PRIMER 


The  Distributed  Energy  Resources  Customer  Adoption  Model  (DER-CAM)  was  designed  by 
Lawrence  Berkeley  National  Laboratory  to  help  inform  decision  makers  who  are  seeking  to  add 
distributed  energy  resources  to  buildings  or  microgrids  [11].  Using  DER-CAM,  the  financial  or 
environmental  feasibility  and  suitability  of  the  distributed  generation  can  be  determined.  Figure  9 
illustrates  the  DER-CAM  optimization  information  flow,  which  is  composed  of: 

1.  Energy  Demand  -  hourly  load  profiles  for  heating,  cooling,  electricity,  and  hot  water  for 
weekdays  and  weekends 

2.  Utility  prices  -  natural  gas,  electricity,  oil,  etc. 

3.  Local  weather  resources 

4.  Conventional  storage  and  power  conversion  technology  capital  costs 


Moreover,  DER-CAM  can  also  be  instructed  to  disable  or  enable  certain  technologies  or 
behavior,  and  can  be  given  a  set  of  operational  constraints  such  as  maximum  generator  size  or 
available  roof  area  for  solar.  These  constraints  effectively  limit  the  search  space  of  the  optimization 
algorithm.  The  outputs  from  DER-CAM  include  the  approximate  costs  and  green  house  gas  (GHG) 
emissions  for  the  present  situation  (the  base  case),  using  cost  optimization  or  C02  optimization 
or  dual-objective  cost  and  C02  optimization.  When  generating  the  optimal  solution,  DER-CAM 
not  only  obeys  all  impinging  constraints,  it  also  leverages  performance  and  cost  data  from  existing 
generation  assets  to  arrive  at  the  optimal  solution. 


In  the  present  work,  groups  of  buildings  in  Boston  were  identified  as  being  potential  microgrid 
zones.  For  each  group  of  buildings,  DER-CAM  was  used  to  calculate  the  base  case  annual  costs 
and  GHG  emissions  associated  with  the  simulated  energy  usage  data  provided  by  MIT  SDL.  The 
GHG  emissions  were  calculated  using  information  from  ISO  New  England  (ISO-NE)  regarding  the 
power  generation  fleet,  and  standard  values  for  emissions  associated  with  fossil  fuel  technologies. 
The  utility  costs  were  calculated  using  utility  pricing  data  and  the  simulated  energy  demand.  The 
utility  pricing  data  (electric  and  natural  gas)  was  incorporated  for  three  separate  sectors,  including 
industrial,  residential,  and  commercial.  The  data  was  taken  from  the  Energy  Information  Agency 
(EIA)  for  the  latest  year  available  [33].  DER-CAM  was  also  utilized  to  determine  the  cost-optimal 
and  C02-optimal  scenarios  which  incorporated  the  energy  demand,  utility  prices,  local  weather 
resources,  and  equipment  capital  costs. 


Our  analysis  made  several  simplifying  assumptions  in  order  to  reduce  the  complexity  of  the 
problem  while  still  providing  meaningful  results.  First,  we  assumed  that  equipment  capital  costs 
were  the  same  for  California  and  New  England.  Second,  we  assumed  that  there  were  no  electricity 
demand  charges,  only  electricity  supply  charges.  Third,  the  electricity  sales  to  the  utility  grid  from 
a  microgrid  were  disabled.  Fourth,  neither  intra-building  steam  nor  inter-building  steam  systems 
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MICROGRID 


Figure  9.  Information  flow  for  DER-CAM. 


were  considered  in  the  economic  calculations;  they  were  assumed  to  exist  for  the  purposes  of  this 
study.  In  the  aggregate,  these  assumptions  streamline  the  calculations  while  maintaining  the  in¬ 
tegrity  of  the  results. 


The  capital  costs  for  equipment  are  divided  into  two  categories:  discrete  technologies,  which 
are  typically  large  pieces  of  equipment,  such  as  gas  turbines,  that  are  only  available  in  fixed  sizes; 
and  continuous  technologies,  such  as  PV  panels,  that  can  be  aggregated  to  create  a  system  of 
nearly  any  size.  The  discrete  technologies  and  their  associated  capital  costs  and  assumed  lifetimes 
are  provided  in  Table  1.  Technologies  of  different  sizes  are  assumed  to  have  different  normalized 
capital  costs  due  to  the  economies  of  scale  that  are  present  in  manufacturing  the  equipment.  The 
assumptions  for  the  continuous  technologies  are  provided  in  Table  1.  Here,  the  up-front  cost  must 
be  paid  whenever  the  technology  is  selected,  regardless  of  size.  This  is  akin  to  the  commissioning 
costs,  or  permitting  costs  for  a  project.  The  normalized  capital  cost  is  given  on  a  per-kilowatt  or 
per-kilowatt  hour  basis,  depending  on  the  technology  type.  The  lifetime  and  the  assumed  annual 
operations  and  maintenance  costs  (O&M)  are  also  listed. 


4.1  COST  ESTIMATION  IN  DER-CAM 

DER-CAM  uses  an  internal  library  of  predefined  equipment  capital  costs  to  directly  calculate 
the  fixed  annual  costs  associated  with  the  C02  optimization  and  the  cost  optimization.  The  annual 
payment  on  the  new  capital  equipment  is  assumed  to  be  the  product  of  the  capital  cost,  Cc,  and 
the  capital  recovery  factor,  CRF ,  as  shown  in  Equation  2.  The  capital  recovery  factor  is  defined  as 
the  ratio  of  the  constant  annuity  to  the  present  value  of  receiving  that  annuity  over  n  years,  where 
n  is  the  lifetime  of  the  project,  or  equipment.  Thus,  using  the  effective  interest  rate,  i,  the  CRF 
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TABLE  1 


Economic  Assumptions  for  Continuous  Technologies  in  DER-CAM 


Technology 

Up-front 

Capital  Cost 

Lifetime 

O&M 

Cost  ($) 

($/kw  or  $/kWh) 

(years) 

(%/year) 

Heat  Storage 

10,000 

50 

17 

0 

Cold  Storage 

10,000 

50 

17 

0 

Battery 

295 

193 

5 

0 

Absorption  Chiller 

93,900 

685 

20 

1.88 

Refrigeration 

93,900 

753 

20 

2.07 

Photovoltaic 

3,850 

3,240 

30 

0.25 

Solar  Thermal 

0 

500 

15 

0.5 

Air  Source  Heat  Pump 

0 

70 

10 

0.52 

Ground  Source  Heat  Pump 

0 

80 

10 

0.32 

is  defined  in  Equation  3.  For  this  analysis  we  incorporated  an  effective  interest  rate  of  7%  with  a 
lifetime  of  15  years,  which  is  also  assumed  to  be  the  project  payback  time. 


Pa  =  Ccx  CRF 


CRF 


i 

Mi+ip 


(2) 

(3) 


Figure  10  portrays  the  capital  costs  of  the  discrete  power  conversion  equipment,  including 
microturbines  (MTs),  combustion  turbines  (CTs),  and  internal  combustion  engines.  There  are 
different  cost  curves  for  pieces  of  equipment  that  also  include  a  combined  heat  and  power 
(CHP)  package,  or  a  hot  water  (HW)  package.  The  normalized  capital  costs  decrease  as  the 
equipment  gets  larger,  as  predicted  by  the  physics  of  scaling  equipment,  and  the  associated 
manufacturing  capabilities  [34].  For  this  analysis,  all  costs  are  assumed  to  be  the  ‘grass  roots’ 
costs  and  include  all  necessary  permitting,  contingency,  and  installation  costs  [35]. 


DER-CAM  uses  all  available  discrete  and  continuous  power  conversion  equipment  in  the 
optimization  routine.  The  final  technology  selection  is  based  upon  the  stated  capital  and  O&M 
costs,  lifetime,  and  stated  payback  time  -  set  to  15  years  for  this  analysis  -  for  the  power  conversion 
equipment,  as  well  as  the  existing  utility  prices  and  associated  loads  at  the  site.  High  equipment 
capital  costs  and/or  operating  costs  paired  with  low  existing  costs  could  force  DER-CAM  to  select 
the  base  case,  rather  than  recommending  any  new  technology. 
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Power  Conversion  Equipment  Capital  Costs 


Figure  10.  Normalized  capital  costs  for  discrete  technologies  in  DER-CAM. 


4.2  DER-CAM  INTERNAL  DATA 

MIT  Lincoln  Laboratory  obtained  the  source  code  for  the  DER-CAM  platform  from  Lawrence 
Berkeley  National  Laboratory  under  a  license  agreement,  so  that  DER-CAM  could  be  better  tai¬ 
lored  to  the  Community  Energy  Study.  MIT  LL  translated  some  of  the  internal  parameters  that 
DER-CAM  uses  to  more  accurately  reflect  regional  cost  and  climate  data.  For  example,  the  original 
version  of  DER-CAM  uses  average  solar  insolation  values  for  San  Francisco,  which  can  be  higher 
than  those  found  in  Boston  by  25%  [36].  The  original  version  of  DER-CAM  also  contains  an  inter¬ 
nal  library  of  temperature  profiles  for  each  month  of  the  year,  all  based  on  typical  meteorological 
year  (TMY3)  weather  data  for  San  Francisco  [37].  Lincoln  Laboratory  updated  these  values  using 
the  TMY3  data  for  Logan  Airport  [37].  Finally,  energy  costs  for  New  England  were  taken  from 
the  Energy  Information  Agency,  including  residential,  industrial,  and  commercial  pricing  for  both 
natural  gas  and  electricity  [38]. 


Figure  11  shows  an  example  DER-CAM  output  set  on  a  radar-style  plot.  The  dotted  green 
line  shows  the  base  case  -  how  the  buildings  in  the  zone  are  performing  now  -  for  the  microgrid 
zone.  The  red  line  denotes  the  DER-CAM  cost  optimization,  while  the  blue  line  represents  the  C02 
optimization  results.  The  cost  optimization  run  shows  modest  reduction  in  annual  expenses  versus 
both  the  base  case  and  the  C02  optimization.  At  the  same  time,  the  cost  optimization  also  reduces 
the  total  C02  emissions  from  the  base  case.  The  C02  optimization,  on  the  other  hand,  shows  an 
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Radar  Plot  for  Zone  118 


- Base  Case 

- Cost  Optimization 

— 0 — CO2  Optimization 

Utility  Electricity  Consumption  (MWh/yr)  On-Site  Electricity  Generation  (MWh/yr) 


Figure  11.  Radar  plot  of  DER- CAM  outputs. 


increase  in  annual  cost  over  the  base  case,  but  substantially  reduces  the  total  C02  emissions.  The 
other  four  axes  on  the  plot  indicate  how  the  system  behaves: 

1.  Utility  electricity  consumption  -  the  annual  energy  purchased  from  the  grid 

2.  Off-site  C02  generation  -  assuming  the  typical  generation  mix  from  ISO-NE 

3.  Utility  fuel  consumption  -  how  much  natural  gas  is  typically  purchased 

4.  On-site  electricity  generation  -  how  much  electricity  is  generated  by  the  assets  selected  by 
DER-CAM 


In  totality,  these  six  values  indicate  how  distributed  generation  affects  the  financial  and  en¬ 
vironmental  performance  of  the  buildings  being  served.  In  Figure  11,  for  example,  both  the  cost 
and  the  C02  optimization  reduce  the  C02  emissions  when  compared  to  the  base  case.  Given  that 
the  cost  optimization  reduces  the  annual  costs  when  compared  to  the  base  case,  DER-CAM  makes 
a  compelling  argument  to  invest  in  the  cost  optimal  solution  to  reduce  costs  and  emissions.  The 
next  section  will  further  spell  out  the  value  that  distributed  generation  can  have  in  the  urban  en¬ 
vironment  in  the  context  of  three  microgrid  paradigms. 
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5.  RESULTS 


This  section  explores  three  separate  microgrid  strategies  that  the  City  of  Boston  is  promoting 
to  improve  energy  resilience,  while  lowering  energy  costs  and  improving  security.  The  three  micro¬ 
grid  types  were  introduced  and  discussed  in  Section  2.  For  future  reference  in  the  following  sections, 
Figure  12  presents  a  summary  map  of  all  selected  microgrid  zones  for  each  microgrid  strategy. 
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Figure  12.  Selected  microgrid  locations. 


Selected  Analysis  Zones  in  Boston 


5.1  MULTIUSER  MICROGRID 

The  collections  of  buildings  that  were  identified  for  the  MUMs  all  include  a  large  anchor 
load,  with  smaller  loads  aggregated  from  the  surrounding  area.  The  surrounding  area  was  fixed 
at  a  radius  of  250  meters,  which  was  based  on  the  thermal  sink  analysis  that  was  done  in  Section 
3.1.  The  aggregated  simulated  data  for  the  building  zones  was  used  as  an  input  to  DER-CAM  to 
determine  the  base  case  power  requirements,  costs,  and  estimated  C02  emissions.  The  MUM  base 
cases  range  in  annual  operating  cost  from  a  minimum  of  $2.8  million  to  a  maximum  of  $36  million 
per  year  with  average  annual  cost  being  about  $18  million.  The  average  C02  emissions  across  the 
MUMs  for  the  base  case  was  calculated  to  be  48  kilotonnes  of  C02  equivalent.  The  results  for  each 
proposed  MUM  are  presented  in  Figure  13. 

Using  DER-CAM  to  calculate  the  cost  optimization  scenario  showed  that  an  average  savings 
per  microgrid  of  23.9%  could  be  realized,  equating  to  an  average  savings  of  $4.35  million  per  year 
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Multiuser  Microgrid  Base  Case  Assumptions 


Figure  13.  Base  case  assumptions  for  the  MUMs. 


per  microgrid.  The  capital  expenditure  ranged  from  $1  million  to  $5.7  million,  with  an  average 
capital  expenditure  of  $2.6  million.  The  average  installed  CHP  capacity  across  the  10  analyzed 
microgrid  zones  was  calculated  to  be  just  under  15  MW  with  a  minimum  CHP  size  of  2.5  MW  and 
a  maximum  of  30  MW.  Photovoltaic  and  solar  thermal  panels  were  largely  adopted  within  each 
scenario,  but  were  capped  at  100  kW  each  due  to  roof  area  constraints.  All  microgrids  were  found 
to  benefit  from  large  air  source  heat  pumps  due  to  the  low  assumed  capital  costs  (fpp)  and  the 
favorable  electricity  generation  from  the  CHP  plants. 


Figure  14  shows  how  the  operating  costs,  energy  consumption,  and  C02  emissions  change 
versus  the  base  case  for  both  the  cost  optimization  and  the  C02  optimization.  In  the  cost  opti¬ 
mization  case,  the  operating  costs  and  emissions  are  both  lower  at  the  expense  of  increased  energy 
use.  The  increase  in  energy  use  is  likely  due  to  the  favorable  “spark  spread”  -  the  difference  in 
price  between  electricity  and  the  fuel  used  to  produce  the  electricity.  In  Boston  in  2014,  the  spark 
spread  was  about  a  significant  fraction  of  the  cost  of  electricity.  This  implies  that 

it  is  advantageous  to  purchase  fuel  to  produce  electricity,  and  then  dump  the  heat  when  it  is  not 
needed.  These  results  indicate  that  higher  overall  energy  consumption  but  lower  bills.  The  energy 
consumption  can  be  constrained  by  utilizing  the  C02  optimization  which  lowers  the  overall  energy 
consumption  at  the  expense  of  cost.  The  results  suggest  that  a  dual  optimization  approach  should 
simultaneously  reduce  costs  and  GHG  emissions. 

Across  all  ten  analyzed  microgrid  architectures,  more  than  90%  of  electricity  could  be  poten¬ 
tially  generated  onsite  under  the  cost-optimal  scenario.  C02  emissions  savings  were  at  a  minimum 
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DER-CAM  Results  for  All  Multi-User  Microgrid  Zones 


Cost  Optimization  CO2  Optimization 


Microgrid  Zone  Microgrid  Zone 

Figure  14 •  MUM  microgrid  results  against  the  base  cases. 


of  4%  against  the  base  case,  to  a  maximum  of  12%  with  an  average  of  8%  emissions  saved.  The 
cost  optimization  averages  as  well  as  the  maximum  and  minimum  values  for  the  selected  multiuser 
microgrids  are  provided  in  Table  2. 

In  the  C02  optimization  scenario,  the  operating  costs  increased  by  an  average  of  4%  while 
both  the  energy  consumption  and  the  C02  emissions  dropped  across  all  analyzed  zones  by  16% 
and  45%,  respectively.  The  range  and  capital  expenditure  was  between  $1  million  and  $5  million 
with  an  average  of  $2.8  million  spent  on  capital  assets.  Installed  equipment  included  an  average 
of  15  MW  of  combined  heat  and  power  with  a  minimum  of  2500  kW  and  a  maximum  of  30  MW. 
All  scenarios  included  some  installed  capacity  for  photovoltaic,  or  solar  thermal  technologies;  all 
microgrids  included  air  source  heat  pumps,  with  the  average  size  approaching  20  MW.  Finally,  heat 
storage  was  employed  in  all  microgrid  zones  except  for  zone  80,  while  cold  storage  was  only  found 
to  be  useful  in  two  zones. 

The  results  for  the  MUMs  suggest  that  reductions  in  operating  costs  and  C02  emissions  are 
easily  realizable  in  the  selected  microgrid  zones.  Moreover,  there  are  likely  many  more  zones  in 
the  City  of  Boston  that  could  greatly  benefit  from  a  microgrid.  Thus,  Boston,  and  many  other 
cities  in  the  United  States  and  the  world,  could  benefit  from  microgrids  and  the  and  the  cost  and 
emissions  reductions  that  they  provide.  Moving  forward,  this  analysis  shows  that  whenever  new 
urban  neighborhoods  are  being  constructed,  particularly  in  Boston,  a  microgrid  design  should  at 
least  be  considered  as  the  energy  delivery  system. 
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TABLE  2 

MUM  Cost  Optimization  Results 


Scenario:  Cost  Optimization 

Range  of  Op  Costs 

$ 

2,696,000 

28,129,000 

Range  in  Savings 

$ 

168,000 

8,095,000 

Average  Savings 

$ 

5,000,000 

Average  %  Savings 

31.39% 

Range  of  Cap  Ex 

$ 

960,000 

5,702,000 

Average  Annualized  Cap  Ex 

$ 

263,000 

Avg 

Installed  CHP  Capacity  [kW] 

16,000 

2,500 

30,000 

Photovoltaic  [kW] 

68 

0 

100 

Solar  Thermal  [kW] 

83 

0 

150 

Air  Source  Heat  Pump  [kW] 

8,233 

2,125 

15,918 

Refrigeration  [kW] 

0 

0 

0 

Electric  Storage  [kWh] 

0 

0 

0 

Heat  Storage  [kWh] 

8,651 

0 

26,013 

Cold  Storage  [kWh] 

10,371 

0 

20,278 

Absorption  Chiller  [kW] 

1,148 

0 

3,253 

Electricity  Generated  On-site  [kWh/year] 

93,225,000 

14,687,000 

182,252,000 

Avg 

C02  Emissions  Savings  [%] 

8 

4 

12 
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Figure  15.  MUM  cost  and  C02  optimization. 
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Figure  16.  Annual  savings  for  MUMs. 
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TABLE  3 

C02  Optimization  for  MUMs 


Scenario:  CO2  Optimization 


Min 

Range  of  Op  Costs 

$ 

3,048,000 

37,697,000 

Range  in  Savings 

$ 

-2,143,000 

-183,000 

Average  Savings 

$ 

-973,000 

Average  %  Savings 

Range  of  Cap  Ex 

$ 

1,188,000 

11,698,000 

Average  Cap  Ex 

$ 

2,891,000 

Avg 

Installed  CHP  Capacity  [kW] 

15,028 

2,500 

30,000 

Photovoltaic  [kW] 

85 

0 

133 

Solar  Thermal  [kW] 

225 

0 

750 

Air  Source  Heat  Pump  [kW] 

21,401 

4,181 

47,344 

Heat  Storage  [kWh] 

15,862 

0 

29,359 

Cold  Storage  [kWh] 

3,804 

0 

20,284 

Absorption  Chiller  [kW] 

0 

0 

0 

Electricity  Generated  On-Site  [MWh/year] 

39,695 

10,896 

72,191 

Avg 

Min 

C02  Emissions  Savings  [kgC02] 

7,242,000 

1,576,000 

12,812,000 
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TABLE  4 


Base  Case  for  the  Energy  Justice  Microgrids 


Base  Case 

Range  of  Op  Costs 

$ 

1,021,000 

2,570,000 

Average 

$ 

1,404,000 

Median 

$ 

1,335,000 

Avg 

Max 

Annual  C02  Emissions  (tonnes/yr) 

3,947 

2,976 

6,785 

5.2  AFFORDABLE  HOUSING  FOCUSED  ENERGY  JUSTICE  MICROGRIDS  AND 
EMERGENCY  MICROGRIDS 

Two  closely  related  microgrids  scenarios  are  the  energy  justice  and  the  emergency  microgrids, 
each  of  which  utilizes  affordable  housing  information  from  the  City  of  Boston.  Both  microgrid  sce¬ 
narios  are  designed  to  empower  lower  income  residents,  each  in  a  different  way.  The  energy  justice 
microgrid  seeks  to  reduce  energy  costs  while  increasing  resiliency,  whereas  emergency  microgrids 
provide  basic  health  and  shelter  facilities.  This  section  details  the  zone  selection  process  and  offers 
DER-CAM  results  for  the  energy  justice  microgrids. 


5.2.1  Energy  Justice  Microgrids 

The  affordable  housing  energy  justice  microgrids  were  developed  with  the  assistance  of  the  af¬ 
fordable  housing  GIS  layer,  provided  by  the  City  of  Boston.  The  most  suitable  energy  justice  zones 
were  those  that  exhibited  the  highest  density  of  affordable  housing.  The  top  ten  zones  with  the 
highest  affordable  housing  density  (excluding  dorms,  such  as  those  at  UMass  Boston)  were  selected 
for  further  analysis  in  DER-CAM.  These  zones  are  shown  in  Figure  12,  alongside  the  multiuser 
microgrids  and  the  emergency  microgrids. 


For  the  cost  optimization  scenario  there  were  savings  between  $692  annually  and  $180,000 
annually,  with  an  average  savings  of  2.58%.  Combined  heat  and  power  was  a  technology  selected 
in  most  of  the  scenario  outputs,  while  solar  technologies  were  selected  in  all  of  them.  For  the  C02 
optimization,  all  energy  justice  zones  were  found  to  require  CHP  of  1  MW,  with  the  exception  of 
one  zone  that  had  a  recommended  capacity  of  2  MW. 

For  an  area  this  small  it  may  be  difficult  to  justify  spending  public  or  private  capital  on  the 
distribution  infrastructure  required  to  link  these  buildings  for  a  combined  heat  and  power  plant  of 
a  minimum  of  1  MW.  It  is  unclear  if  the  efficiencies  from  the  combined  heat  and  power  plant  will 
outweigh  the  capital  expenditure  needed  to  create  the  piping  network  to  link  buildings  together. 
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TABLE  5 

Cost  Optimization  for  Energy  Justice  Microgrids 


Scenario:  C02 

Min 

Range  of  Op  Costs 

$ 

1,011,842 

2,388,712 

Range  in  Savings 

$ 

692 

181,657 

Average  Savings 

35,357 

Average  %  Savings 

Range  of  Cap  Ex 

$ 

377,551 

680,893 

Average  Cap  Ex 

$ 

484,949 

Avg 

Installed  CHP  Capacity  [kW] 

488 

0 

1,000 

Photovoltaic  [kW] 

105 

100 

153 

Solar  Thermal  [kW] 

90 

0 

100 

Air  Source  Heat  Pump  [kW] 

415 

0 

950 

Refrigeration  [kW] 

0 

0 

0 

Electric  Storage  [kWh] 

0 

0 

0 

Heat  Storage  [kWh] 

728 

0 

2,593 

Cold  Storage  [kWh] 

114 

0 

829 

Absorption  Chiller  [kW] 

14 

0 

142 

Electricity  Generated  On-Site  [kWh/year] 

3,045,148 

158,817 

7,413,514 

Avg 

C02  Emissions  Savings 

8% 

2% 

16% 
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TABLE  6 


C02  Optimization  for  Energy  Justice  Microgrids 


Scenario:  C02 

Min 

Range  of  Op  Costs 

$ 

1,107,322 

2,731,064 

Range  in  Savings 

$ 

-160,694 

-83,389 

Average  Savings 

-94,781 

Average  %  Savings 

Range  of  Cap  Ex 

$ 

611,679 

794,673 

Average  Cap  Ex 

$ 

677,998 

Avg 

Installed  CHP  Capacity  [kW] 

1,100 

1,000 

2,000 

Photovoltaic  [kW] 

90 

0 

100 

Solar  Thermal  [kW] 

165 

100 

750 

Air  Source  Heat  Pump  [kW] 

1,787 

1,074 

3,327 

Refrigeration  [kW] 

0 

0 

0 

Electric  Storage  [kWh] 

0 

0 

0 

Heat  Storage  [kWh] 

3,312 

2,584 

4,321 

Cold  Storage  [kWh] 

0 

0 

0 

Absorption  Chiller  [kW] 

0 

0 

0 

Electricity  Generated  On-Site  [kWh/year] 

4,947,835 

3,970,512 

7,871,387 

Avg 

C02  Emissions  Savings 

21% 

18% 

23% 
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Energy  Justice  Microgrid  -  CHP  Size,  Annual  Costs  and 
Emissions  Reduction 


Figure  1 1.  Energy  justice  microgrid  capacity  vs.  cost. 


For  the  C02  optimization  scenario  the  range  of  costs  included  $1.1  million  to  $2.7  million 
with  an  average  savings  of  -6.32%.  This  translates  to  spending  more  money  on  energy  with  the 
C02  optimization  scenario.  The  capital  expenditure  ranges  at  a  minimum  of  $600,000  to  $800,000 
at  a  maximum,  with  an  average  of  $677,000  spent  on  capital  infrastructure. 


Combined  heat  and  power  was  largely  utilized  in  every  scenario,  as  were  photovoltaics,  solar 
thermal,  air  source  heat  pumps,  and  heat  storage.  A  higher  percentage  of  electricity  was  generated 
on-site,  resulting  in  an  annual  output  of  4,900  MWh  per  year.  The  C02  emissions  savings  range 
from  18%  to  23%  with  an  average  of  21%.  It  would  be  difficult  to  justify  to  communities  the 
increase  in  expenditure  for  carbon  emissions  reductions  alone.  Figure  12  shows  the  location  of  the 
energy  justice  microgrids  identified  as  the  most  suitable  in  Boston. 


5.2.2  Emergency  Microgrids 

The  emergency  microgrids  also  used  affordable  housing  as  the  base  layer,  but  included  critical 
facilities  in  the  selection  calculus.  These  critical  facilities  were  selected  as  places  that  the  public 
could  turn  to  for  warmth,  food,  and  water.  For  this  analysis,  the  following  critical  facilities  were 
considered: 


•  Emergency  shelters 
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Energy  Justice  Microgrid  -  CHP  Size,  Cost  Savings  and 
Emissions  Reduction 


Figure  18.  Energy  justice  microgrids  capacity  vs.  savings. 


•  Gas/electric  stations 

•  Pharmacies 

•  Supermarkets 

The  emergency  shelters  were  further  broken  into  the  following  list: 

•  Boston  Centers  for  Youth  and  Families  (BCYF) 

•  Colleges/Universities 

•  Community  centers 

•  Convention  centers 

•  Cruise  terminals 

•  Hotels/Motels 

•  Libraries 

•  Museums 

•  Public  schools 


31 


•  Shelters 


•  Malls 

•  Baseball  and  football  stadiums 

•  Basketball  and  hockey  arenas 


The  affordable  housing  layer  was  intersected  with  the  critical  facility  layer  to  determine  suit¬ 
able  emergency  microgrid  locations.  The  areas  with  the  highest  population  density  and  highest 
critical  facility  density  were  selected  as  sites  to  analyze  further.  The  selected  affordable  housing 
buildings  and  critical  facilities  were  aggregated  into  twenty-two  different  energy  justice  zones,  as 
shown  in  Figure  12.  Only  two  emergency  microgrids  were  analyzed  in  DER-CAM,  the  average  out¬ 
puts  of  which  are  given  in  the  Boston  Community  Energy  Study  report  [39].  In  the  two  analyzed 
emergency  microgrids,  the  cost  optimization  showed  that  a  average  cost  savings  reduction  of  13% 
is  possible  along  with  an  average  C02  reduction  of  8%.  The  C02  optimization  showed  an  average 
of  18%  C02  reduction  at  the  expense  of  a  6%  cost  increase. 
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6.  CONCLUSIONS 


The  BRA,  in  conjunction  with  the  MIT  Sustainable  Design  Lab,  MIT  Lincoln  Laboratory, 
energy  consultants,  and  the  developers  of  DER-CAM,  successfully  implemented  a  strategy  for 
identifying  microgrids  across  an  entire  city.  This  is  the  first-ever  city-scale  study  of  microgrids  and 
the  optimization  of  the  energy  delivery  system  in  key  neighborhoods  and  key  buildings.  The  results 
suggest  that  microgrids  can  be  used  to  reduce  both  costs  and  greenhouse  gas  emissions  across  a 
variety  of  Boston’s  neighborhoods.  Using  the  twenty-two  suggested  microgrids  that  were  analyzed 
in  DER-CAM,  the  BRA  estimated  that  $1  billion  in  cost  and  environmental  savings  is  achievable 
over  the  next  two  decades.  While  the  results  generated  by  DER-CAM  may  be  optimistic,  they  are 
compelling  and  certainly  warrant  further  investigation.  Moreover,  this  study  is  meant  to  begin  a 
conversation  with  city  planners,  residents,  and  gas  and  electric  utilities,  rather  than  represent  a 
definitive  statement  about  where  to  build  microgrids.  The  results  show  promising  areas  for  further 
analysis  and  potential  development,  both  for  reducing  costs  and  for  reducing  C02  emissions  all 
while  increasing  the  resilience  of  the  overall  grid. 
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